Objectives: Reviewed the etiologies, pathophysiologic mechanisms, detection and clinical significance of pulsus paradoxus in various conditions. Data source: We searched PubMed, EMBASE, and the CINAHL from inception to June 2017. We used the following search terms: Pulsus paradoxus, pericardial effusion, acute asthma, ventricular interdependence and so forth. All types of study were chosen. 
| INTRODUCTION
Lower first observed the phenomenon of inspiratory decline in systolic blood pressure and ascribed it to the downward movement of heart due to adhesion between the diaphragm and pericardium. 1 However, the term pulsus paradoxus (PP) was first coined by Adolf Kussmaul in 1873. 2 He described pp as a "pulse simultaneously slight and irregular, disappearing during inspiration and returning upon expiration," despite the continued presence of the apical beat during both phases of respiration. PP is currently defined by an inspiratory fall in systolic blood pressure of greater than 10 mm Hg. Normally, systolic blood pressure falls during inspiration but the magnitude is less than 10 mm Hg. Curtiss et al. 3 proposed a different cut-off of more than 12 mm Hg decrease in systolic blood pressure during inspiration with an accuracy of 92% in 65 patients with pericardial effusion. The term paradoxical is misnomer since the direction of systolic blood pressure change is similar in health and disease conditions. Basically, it is an exaggeration of normal physiologic fall in systolic blood pressure. PP is classically seen in cardiac tamponade, acute asthma, and acute exacerbation of COPD. 4 Patients with cardiac tamponade may develop total paradox or pulse obliteration characterized by inspiratory disappearance of the brachial and radial pulses, with total disappearance of the Korotkoff sounds. Majority of them have a systolic blood pressure of 95 mm Hg or less.
Cardio-respiratory interactions in healthy person:
To understand the various pathophysiological mechanisms of PP, it is important to understand normal cardiorespiratory interaction in a healthy person.
| EFFECT OF SPONTANEOUS INSPIRATION ON RIGHT VENTRICULAR PRELOAD
Spontaneous inspiration increases venous return to the right heart. During inspiration, pleural pressure (Ppl) becomes more negative due to the downward displacement of the diaphragm and outward movement of the chest wall. The negative Ppl distends the intrathoracic structures such as thoracic veins, lungs, and heart chambers. The gradient for venous return is determined by the difference between right atrial pressures (RAP) and mean circulatory filling pressure (MCFP). 19 By distending the highly compliant right atrium, the negative Ppl lowers the RAP. On the other hand, descent of the diaphragm increases the abdominal pressure and subsequently the MCFP. Both these mechanisms increase the gradient for venous return. Normally, the gradient (MCFP-RAP) for venous return is ∼5-10 mm Hg. 20 Increased venous return leads to dilatation of the right ventricle and, based on the FrankStarling law, further augments the right ventricular stroke volume (RVSV). 21 However, the impact of spontaneous inspiration on RVSV also depends on the right ventricular volume status. In patients with pre-existing right ventricular dilation, the right ventricle operates on the flat part of the curve, and the increase in RVSV is smaller (preload-independency). 4 Inspiratory augmentation of venous return becomes limited when the RAP falls below atmospheric pressure, with ensuing collapse of the systemic veins entering thorax. 22 
| EFFECT OF SPONTANEOUS INSPIRATION ON RIGHT VENTRICULAR AFTERLOAD
Studies have shown variable results of the impact of inspiration on RVSV. Higher lung volume during inspiration compresses the alveolar blood vessels and increases pulmonary vascular resistance and impedance to right ventricular output. 21, 23 However, Murgo et al. 24 found no impact of spontaneous inspiration on pulmonary arterial impedance. According to them, it is the alteration in right ventricular performance which explains the change in right ventricular flow, not the pulmonary artery impedance. The negative ITP surrounding the left atrium increases the pressure difference between the pulmonary artery and the left atrium, so that pulmonary artery resistance remains constant. 26 However, in patients with acute asthma, the mean pleural pressure varies from −7.7 cmH 2 O to −25.5 cmH 2 O over entire tidal respiration. 27 Therefore, in acute asthma, a decrease in left ventricular afterload by negative ITP may not be significant.
| VENTRICULAR INTERDEPENDENCE
Ventricular interdependence is defined by the phenomenon in which alterations of one ventricle affect the functions of the other ventricle, and this interaction is mediated through the septum and pericardium. Ventricular interdependence occurs independent of neural, humoral, or circulatory effects. 28 Bernheim was the first to conceptualize the hypothesis of ventricular interdependence. 29 Ventricular interdependence can occur in both directions, but the impact is greater when the right ventricular end-diastolic volume is greater than the left. 30 The leftward shifting of the septum is called the "reverse Bernheim effect." 31 There are different types of ventricular independence: parallel or series.
| Parallel ventricular interdependence
Parallel ventricular interaction occurs when one of the ventricular chambers undergoes acute distension and produces an inverse or opposite effect on the other ventricle. Parallel ventricular interaction occurs via the septum and pericardium. 32 Both ventricles are covered by the common stiff pericardial membrane. Since there is little free space within the pericardium, there is a competition between the ventricles for space. During spontaneous inspiration, increased venous return to the right heart increases right ventricular end-diastolic volume (RVEDV). The increased RVEDV shifts the septum to the left and reduces left ventricular chamber size. Ultimately, LVEDV and LVSV will fall. The opposite effect will occur during expiration, as more blood goes to the left ventricle due to a smaller right ventricle volume. Pericardial constraints further augment the phenomenon of diastolic ventricular interdependence. 
| Series ventricular interdependence
According to this hypothesis, an increase in right ventricular filling during inspiration precedes a decrease in left ventricular filling. Negative swings in pleural pressure during inspiration augments venous return to the right heart, and right ventricular filling increases. Negative intrapleural pressure also causes distension of pulmonary vasculature, leading to pooling of blood within lung vasculature. 34 It is responsible for inspiratory decrease in LVEDV and LVSV. The increase in right ventricular filling is reflected in left ventricular stroke output only after two to three cardiac cycles. However, the pulmonary transit time is highly variable. It is increased in patients with high cardiac output 35 and decreased in patients with poor systolic function or left ventricular hypertrophy 36 and pulmonary hypertension. 37 
| PERICARDIAL DISEASES
PP is classically seen in patients with cardiac tamponade. It has also been reported in constrictive pericarditis, although less common than with cardiac tamponade. Cardiac tamponade develops due to intra-pericardial accumulation of fluid, pus, blood, chyle, clots, or gas, 38 leading to compression of the heart. Hemodynamically, it is characterized by elevation and equalization of the intrapericardial, right atrial, andright ventricular end-diastolic pressure, and left atrial and left ventricular end-diastolic pressure, ultimately resulting in a fall in cardiac output. 39 Guberman et al. 5 
| Mechanisms of pulsus paradoxus in cardiac tamponade
Richard Lower in 1669 first proposed that inspiratory traction on the pericardium by the descending diaphragm is responsible for the development of PP in pericardial diseases. 40 Inspiratory diaphragmatic descent by increasing the intrapericardial pressure causes under-filling of the left ventricle and a subsequent fall in LVSV. 41 According to the Katz and Gauchat (1924) , 34 the fluid-filled tense pericardial sac poorly transmits the negative inspiratory swings in ITP to the cardiac chamber. It reduces the gradient between systemic and pulmonary veins with the corresponding heart chambers, resulting in under-filling of both the ventricles, and development of PP. It was supported by the experimental work of Golinko et al. 42 Dornhorst et al. 43 and Shabetai et al. 44 proposed the concept that augmentation of the right ventricular preload during inspiration is the main mechanism of PP development. The augmented right heart filling during inspiration increases the intrapericardial pressure, which may cause left heart compression and its underfilling. Augmentation of right ventricular filling during inspiration occurs in both cardiac tamponade and obstructive airway disease, but the fall in ITP in cardiac tamponade is less than that of acute asthma. 4 The increased RVEDV due to augmented venous return decreases left heart filling via bi-ventricular interaction (both the parallel and series interactions). 32 Ditchey et al. 45 proposed that selective compression of the right heart by cardiac tamponade reduced right ventricular stroke volume and pulmonary venous flow, resulting in a reduction in LVEDV and LVSV. An important echocardiographic sign of severe PP is the failure to open the atrio-ventricular (AV) valve during systole, resulting in reduced left ventricular preload and LVSV. 46 PP is not present in all patients with cardiac tamponade. It may be absent in the presence of the following co-morbidities: atrial septal defect (ASD), 47 54 and severe musculoskeletal chest abnormalities. 48 In ASD, an inspiration-induced increase in right ventricular filling reduces the left to right shunt. It prevents change in right and left heart diastolic volumes with respiration and explains the absence of PP. 48 PP may be also absent in patients with pericardial effusion with associated heart disease characterized by elevated left ventricular end-diastolic pressure, such as hypertensive heart disease, coronary artery disease, cardiomyopathy, and uremia. 49 
| PULSUS PARADOXUS IN OBSTRUCTIVE LUNG DISEASE
Paradoxical pulse is commonly seen in patients with acute asthma and it correlates with severity of airway obstruction. 55, 56 Knowles et al. 56 reported PP in 12 out of 15 patients admitted with an exacerbation of asthma. Rebuck et al. 57 evaluated 76 hospitalized cases of severe asthma and observed a correlation between FEV 1 and PP. All patients with a FEV l of less than 20% of their best had significant PP. Two thirds of the patients with an FEV 1 of less than 40% had significant PP and none with a FEV 1 value of greater than 40% had this sign. Shim et al. 58 similarly found a greater association between severity of airflow obstruction with PP. The average peak expiratory flow rate was 33.6% in the presence of PP and 55.4% in the absence of PP. PP greater than 10 is an independent predictors of hypoxemia (SpO 2 ≤92%).
59
There are contradictory recommendations in various guidelines regarding the role of PP in the management of acute asthma. Although; its use in acute asthma has been recommended by few national and international guidelines, 60, 61 the British Thoracic Society (BTS) guideline considers PP as an inadequate indicator of the severity of an asthma attack and do not recommend its use. 62 We also need to develop more accurate criteria to measure PP in future. Arnold et al. 63 derived a variable from plethysmograph estimation of PP physiology (PEP) and showed its correlation with FEV 1 in patients with acute asthma. They also suggested that this PEP-derived variable should be incorporated into pulse oximeter device in order to improve the clinical assessment of asthma patients and their response to therapy.
| MECHANISMS
The factors responsible for the production of PP in acute asthma include inspiratory fall in ITP and an increase in lung volume (hyperinflation). 4, 55, 56, 58 Therefore; PP reflects severity of airway obstruction and resulting hyperinflation of the lungs. 56 The consequences of large drop in ITP and hyperinflation are the followings: 66 Manthous et al. 67 proved the importance of increased airway obstruction and resistance in the development of PP. They showed that Heliox (80:20) mixture significantly reduced the PP and increased peak expiratory flow when given to patients with an exacerbation of asthma. There was 50% reduction in the inspiratory change in pleural pressure by Heliox. Heliox is a low density gas which reduces both inspiratory and expiratory airway resistance. Jardin et al. 68 evaluated the mechanism of PP in nine patients in status asthmaticus using two-dimensional echocardiography and esophageal pressure measurement. They reported a significant increase in right ventricular internal diameter at end-systole and end-diastole, along with shifting of septum leftwards. One interesting finding was the reduced pulmonary artery pulse pressure indicating fall in blood flow during inspiration. The right and left ventricular pulse pressures are in phase in status asthmaticus as both are minimal during inspiration and maximal during expiration unlike in patients with cardiac tamponade where the augmented RVSV during inspiration is transmitted to the left after two to three beats. 45 Therefore; pulse pressure of both ventricles are 180° out of phase in patients with cardiac tamponade. 69 Hyperinflation reduces pulmonary artery pulse pressure are due to two mechanisms: hyperinflation of alveoli squeezing the pulmonary artery and negative ITP induced distension of pulmonary vasculature. 70 The negative ITP can also reduce the right ventricular stroke volume by reducing systolic inward motion of the right ventricle. 73 The reduced RVSV manifests by a reduction in left ventricular pre-load. Second, the increase in right ventricular afterload increases RVEDV, resulting in leftward septal shifting. Blaustein et al. 71 evaluated six asthma patients with history of cold air bronchial hyperreactivity by bronchial challenge with cold air and radionuclide ventriculography. They found reciprocal changes in right and left ventricular diastolic volume and stroke volume. The inspiratory increase in RVSV is contrary to the finding of Jardin et al. 68 There is also a role of hypovolumia in the causation of PP. In a study done in 10 patients with acute asthma and pulsus paradoxus, Squara et al. 72 showed that military antishock trouser (MAST) inflation reduced PP and its deflation brought back pulsus paradoxus to its baseline level. There are several mechanisms by which MAST improves PP. MAST increases LVSV during inspiration. It does so by increasing pulmonary venous return or by reducing bi-ventricular interaction. MAST use increases the percentage of West Zone-3 lungs, therefore decreasing the effect of lung inflation on right ventricular afterload and pulmonary venous return. PP is not present in all cases of acute asthma. Asthma patient may fail to generate significant change in ITP because of muscle fatigue. Therefore; PP may be reduced or absent in this condition. Its absence should not be taken as an indicator of mild disease. 73 There are certain differences regarding the underlying physiology of PP in patients with acute asthma and pericardial diseases. Unlike pericardial effusion, pericardium is normal but due to the hyperinflation of the lungs, cardiac fossa is taut. 64, 74 Unlike tamponade, the Ppl and right atrial pressure (RAP) is relatively low during expiration, pointing towards persistent inspiratory muscle activity during expiration also. 75 It is not the diaphragmatic but persistent inspiratory intercostal and accessory muscle activity. In this situation; supranormal inspiratory activity quickly lowers the Pra and also maximizes the systemic venous return to its limit. Therefore; the bi-ventricular interactions is limited unlike in cardiac tamponade. 76 
| CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)
PP may also be present in patients with COPD, though the number of studies is less. Settle et al. 77 studied nine patients with COPD and PP by echocardiography. They showed inspiratory increase in RVEDV and right ventricular afterload and reciprocal changes in left ventricular dimensions during inspiration. It indicates augmented parallel bi-ventricular interaction during inspiration. The mean right ventricular dimensions increased from 1.4 ± 0.20 cm to 2.96 ± 0.38 cm. In normal adults, inspiration-induced rise in right ventricular dimension was no greater than 2 mm. 78 The negative ITP also increases left ventricular afterload and reduces LVSV subsequently. 79 Barr et al. 80 reported a reduced left ventricular end diastolic volume and stroke volume even in patients with mild COPD. They proposed that subclinical loss of lung parenchyma and the pulmonary capillary bed is responsible for the reduced left ventricular filling in mild COPD, whereas; in severe COPD, hyperinflation is responsible for reduced left ventricular end diastolic volume and stroke volume. Watz et al. 81 found that LVEDV reduces with the increase in COPD severity and found a stronger role of hyperinflation on reduced LVEDV. Lung hyperinflation decreases pulmonary vascular compliance and increases right ventricular afterload. It leads to reduced right ventricular stroke volume, and left ventricular preload and LVSV. Tei index, an index of reduced preload, was found to be significantly reduced in the presence of hyperinflation, indicating the importance of reduced preload in explaining altered LVEDV. Hartert et al. 82 analyzed the pulse oximetry waveform in 26 patients with either asthma or COPD admitted in the ICU and found a correlation between respiratory variations in the pulse oximetry
waveforms with air-trapping. Boerrigter et al. 83 had shown different impacts of various combinations of right atrial pressure (RAP) in spontaneously breathing COPD patients. In patients with low RAP, positive ITP reduces right ventricular pre-load and stroke volume. Unlike asthma, COPD patients may develop elevated right atrial pressure (RAP) due to pulmonary artery hypertension. Patients with high RAP maintain stable right ventricular stroke volume as right atrium acts as a reservoir and maintains RV filling during expiration.
| CONSTRICTIVE PERICARDITIS
Unlike patients with cardiac tamponade, PP is uncommon in patients with constrictive pericarditis. Ling et al. 84 found PP in only 19% of patients with constrictive pericarditis. Wood et al. 85 reported PP in one third of patients with constrictive pericarditis. Frequency of PP is higher in patients with effusive-constrictive pericarditis. Sagristà-Sauleda et al. 86 found PP in 66% of patients with effusive-constrictive pericarditis. The exact mechanism of PP in constrictive pericarditis is not known. McGregor 87 proposed that in early pericardial thickening, pericardium is still flexible enough to respond to reduce ITP during inspiration. However; in advanced fibrosis, the obliterated pericardial space does not transmit the negative ITP, and intrapericardial pressure does not undergo respiratory alterations. Atrial fibrillations are often seen in chronic constrictive pericarditis which makes interpretation of PP difficult. 88 
| MASSIVE PULMONARY EMBOLISM
PP may be seen in patients with massive pulmonary embolism. 9, 89 Pulmonary embolism reduces RVSV, left ventricular preload and LVSV. Secondly; acute pulmonary embolism may also lead to increase in RVEDV and via bi-ventricular interactions, reduces LVEDV and LVSV respectively. 90 
| LARGE PLEURAL EFFUSION
Large pleural effusions increase the intrapleural and pericardial pressure and produce a cardiac tamponade like situation. [91] [92] [93] Ultimately, it reduces right or left ventricular diastolic filling and stroke volume. 
| UPPER AIRWAY OBSTRUCTION (UAO)
PP has also been reported in patients with upper airway obstruction, for example in croup. 94 Development of PP in UAO is related to increased negative swings in intra-pleural pressure.
| OBESIT Y
PP is also seen in a substantial number of obese patients. In a prospective study, Lee et al. 95 reported PP in 46% of obese and 20% of non-obese when detected invasively. When measured non-invasively, it was found in 20% of obese and 1.6% of nonobese patients. The mechanical burden imposed on the chest wall and diaphragm by obesity may be responsible for increase negative swings in pleural pressure and development of PP.
| SHOCK
Cohn et al. detected PP in approximately 50% of patients with shock. 96 There are other sporadic reports of its occurrence in patients with shock in the literature. 17, 97 PP develops due to hypovolumia, resulting in depletion of pulmonary vascular reservoir and reduction in systemic venous return.
| METHODS OF MEASUREMENT
The traditional method to measure PP is by a sphygmomanometer. 4 Others methods include pulse oximetry tracings, 82 arterial waveform analysis and by palpation. 98 During measurement of PP, we should advise patient to breathe quietly and regularly, as vigorous respiratory efforts can induce a PP even in normal persons.
| SPHYGMOMANOMETER
The brachial cuff is initially inflated 20 mm Hg above the systolic blood pressure. The cuff is deflated slowly at a rate of 2 mm Hg per second while auscultating over the brachial artery and simultaneously monitoring respiratory movements. Initially, Korotkoff sounds would appear during expiration. The level at which Korotkoff sounds first appear during expiration should be noted. The cuff is further deflated till a level is reached when Korotkoff sounds become audible in both phases of respiratory cycle. The difference between these two levels quantifies PP. However, Sphygmomanometer-based measurement is time-consuming, 58 difficult to measure in patients with tachypnea and tachycardia and is also less sensitive in the presence of very low blood pressure. That's why; sphygmomanometerbased measurement of PP is not used by majority of health care providers. 99 
| PULSE OXIMETRY WAVEFORM ANALYSIS
Pulse oximetry waveform analysis is a simple and non-invasive method of measurement of PP. PP is determined by analyzing the pulse oximetry waveform. A significant correlation has been reported between oximetry and sphygmomanometer-based methods. 100 The sphygmomanometer cuff is inflated until all pulse oximetry waveforms disappear. The cuff is deflated slowly at a rate of 2 mm Hg per second until intermittent waveforms appear in the monitor. It corresponds to first appearance of Korotkoff sounds during expiration. The cuff is further deflated till all waveforms appear. The measured PP is the gap between these two points. Another parameter measured in the monitor is respiratory waveform variation (RWV). It is defined as the change at baseline tracing caused by the respiratory variation. RWV is measured as the number of millimeters of change of the baseline between expiration and inspiration (1 box= 1 mm). 82 
| ARTERIAL WAVEFORM ANALYSIS
It is an invasive procedure that can be done in intensive care settings. There is inspiratory decrease in pulse wave in arterial waveform analysis. It is most sensitive method for screening pp. 101 Frey and Butt 102 found correlation between intra-arterially measured PP and the degree of photoplethysmographic fluctuations in the pulse-oximetry waveform in 63 non-intubated children, both with and without respiratory disorders.
| PALPATION
It is a qualitative technique to measure PP. It is especially seen in muscular radial artery. Palpation is useful only when PP exceeds 15-20 mm Hg. 103 
| REVERSED PULSUS PARADOXUS
Here, the systolic blood pressure rises during inspiration and falls during expiration. A rise in peak systolic pressure by more than 15 mm Hg during inspiration is considered significant. 12 Massumi et al. 104 cited three examples of reversed PP: idiopathic hypertrophic sub-aortic stenosis, isorhythmic ventricular rhythm and intermittent inspiratory positivepressure in patients of left ventricular failure. Hay et al. 105 reported its occurrence in a patient with aortic aneurysm. Reversed PP develops due to inspiratory increase in left ventricular output. In idiopathic hypertrophic sub-aortic stenosis, expiration heightens the left ventricular outflow tract obstruction. It is probably mediated by reduction in left ventricular volume during expiration. In isorhythmic ventricular rhythm, inspiration increases atrial activity. Atrial activity precedes ventricular contraction in inspiration and follows it in expiration. Therefore, atrial contraction contributes to ventricular contraction only in inspiration augmenting an inspiratory rise in systolic blood pressure. There are several mechanisms by which positive pressure ventilation (PPV) increases systolic pressure during inspiration. Lung inflation due to PPV increases left ventricular pre-load by squeezing out the blood from the pulmonary capillaries. 106 PPV by increasing pleural pressure reduces the cardiac afterload. 107 Other factors could be compression of the heart and α-adrenergic discharge 108 associated with lung inflation, both of which augments cardiac output. This is the reason why PP is not a good indicator of disease severity in mechanically ventilated patients. 
| CONCLUSION
Pulsus paradoxus is characterized by exaggerated fall in systolic blood pressure during inspiration and is seen in various clinical conditions. It is classically seen in patients with acute dyspnea and cardiac tamponade. Several factors that alter the normal cardio-pulmonary interactions are responsible for the development of pulsus paradoxus. It is a simple bedside technique of diagnostic and prognostic importance. It should be measured routinely in patients presenting with acute dyspnea in the emergency. Bedside elicitation of various signs should be given utmost importance even today.
